Abstract The present study is focused on analysing the suitability of different Streptomyces strains for biomechanical pulping purposes using spruce wood (Picea abies) as substrate. After 2 weeks of incubation, no apparent variations in lignin Klason content of treated woods were detected compared with the control. However, the increase in acid-soluble lignin fraction pointed out chemical alterations in lignin moiety. Through Py-GC/MS analysis enrichment in cellulose and lignin molecule modifications were detected in treated woods. The increase in the relative abundance of the most G-type phenol units with a higher oxidation degree suggests that some oxidation occurred in the lignin C3-alkyl chain. In addition, the decrease in the phenylmethane ? phenylethane/phenylpropane (phC1 ? ph C2/ph C3) ratio would indicate the ability of Streptomyces strains to breakdown the C3-alkyl chain linkages once carbons had been oxidized. From this study it could be concluded that the assayed strains are able to produce a delignification of spruce wood which may improve mechanical pulping processes.
Introduction
Paper pulps are usually produced from wood fibres using chemical and mechanical methods. Mechanical pulping, characterized by its high yield, is considered as a way to extend the resources used as raw materials (Scott et al. 2002) .
Nowadays, biodegradation of wood chips with ligninolytic microorganisms is being considered a suitable or complementary alternative to traditional methods due to its contribution to reduce the environmental impact of paper-mill industries and to save energy and chemicals costs (Wall et al. 1993) . During the last years, several reports have demonstrated the ability of some filamentous bacteria, such as actinobacteria, to modify lignin from lignocellulosic residues under solid-state fermentation conditions (Hernández et al. 2001; Hernández-Coronado et al. 1997; Trigo and Ball 1994) . On these residues either oxidation or oxidation followed by the cleavage of the C3-alkyl chain from syringyl and guaicyl units, mainly at the Ca and Cb positions could be detected (Hernández et al. 2001) . More recently, the suitability of Streptomyces cyaneus for biopulping of wheat straw was demonstrated (Berrocal et al. 2000) . Moreover, a successful biomechanical pulping process was performed with this strain using spruce wood as substrate. In this process, a decrease in energy consumption during fiberizing and a marked increase in some strength properties were obtained.
The knowledge acquired during the last years supports the interest of actinobacteria for biopulping purposes. In fact, these bacteria present a series of advantages against other ligninolytic microorganisms among which the rapid colonization and growth on solid substrates and the production of oxidative enzymes such as laccases after short periods of incubation are remarkable. Because of this, the screening of Streptomyces strains able to oxidize lignin from softwoods would increase the range of biological alternatives for the pulp and paper industry.
Among analytical techniques suitable to study chemical modifications in lignocellulosic materials pyrolysis in combination with gas chromatography and mass spectrometry (Py-GC/MS) have proved to be useful to characterize a wide set of polymers, additives and impurities contained in different types of wood and grass residues González-Vila et al. 1999; Müller-Hagedorn et al. 2003) . In addition, the simplicity and sensibility of this technique which does not require any pre-treatment of the sample are considered special advantages to analyze the changes occurred in woods during fermentation processes. The growing interest of analytical pyrolysis is also supported by its important contribution to provide detailed qualitative information and even, in relative terms, quantitative information on the main lignin and polysaccharides derived compounds which are considered diagnostic markers (Arias et al. 2006; Boon 1989; Hernández et al. 2001) .
The present study deals with the evaluation of the suitability of several Streptomyces strains to be used for biomechanical pulping purposes using spruce wood as substrate. For this, the analysis of chemical modifications produced by the strains on the main components of this wood was performed using Py-GC/MS.
Materials and methods

Bacterial strains
For this study, the actinobacteria strains Streptomyces anulatus CECT 3352, S. cyaneus CECT 3335 and Streptomyces ipomoea CECT 3341 were used. These strains were previously selected upon their ability to transform wheat straw in solidstate fermentation (Centenera et al. 1987) . The strains were routinely grown on GAE medium (Hernández et al. 1994) plates at 28°C (S. cyaneus and S. ipomoea) or 45°C (S. anulatus) until sporulation occurred (4-6 days). The strains were maintained as spore suspensions in 20% (v/v) glycerol at -20°C.
Wood chip preparation
Wood chips from spruce (Picea abies) of approximately 2 9 2 cm 2 were kindly furnished by L. Viikari from VTT (Finland). Chips were soaked in water for 24 h and then frozen and autoclaved (0.2 atm. 30 min) three times before being placed in plastic bags and maintained at -20°C until their use. For fermentation, chips were thawed and mixed to obtain uniform samples. Then, chips were autoclaved at 121°C for 1 h.
Solid-state fermentation conditions
For experiments, 250 ml Erlenmeyer flasks containing 10-g sterilised chips were inoculated with standard spore suspensions of each strain (10 7 ufc ml
) suspended in an adequate volume of mineral basal medium (Crawford 1978) supplemented with 0.6% yeast extract to achieve a final percentage of humidity of 60%. Cultures were incubated at 28 or 45°C for 2 weeks. Uninoculated chips were pre-treated and incubated at the same way than the fermented samples (control).
Klason lignin determination
The Klason lignin content of the extracted substrate was estimated after hydrolysis of polysaccharides with 72% H 2 SO 4 (Effland 1977) . Precipitated Klason lignin was obtained by filtration through a Whatman No. 1 filter paper and its dry weight estimated. Acid-soluble lignin was determined after removal of the Klason lignin in the acidified supernatants by measuring the absorbance at 205 nm (Schöning and Johansson 1965) .
Pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS)
The pyrolysis of milled control and treated wood samples (1 mg) was performed twice with a double-shot pyrolyzer (model 2020, Frontier Laboratories) directly connected to a GC-MS system Agilent 6890 equipped with a fused silica capillary column HP 5MS (30 m 9 250 lm 9 0.25 lm inner diameter). The detector consisted of an Agilent 5973 mass selective detector (EI at 70 ev). The pyrolysis was performed at 500°C. The final temperature was achieved at a rate of 20°C min -1 . The GC-MS conditions were as follows: oven temperature was kept at 50°C for 1 min and then increased up to 100°C at 30°C min -1 , from 100 to 300°C at 10°C min -1 and isothermal at 300°C for 10 min using a heating rate of 20°C min -1 in the scan modus. The carrier gas used was helium with a controlled flow of 1 ml min -1 . Lignin and polysaccharides pyrolysis products were identified on the basis of the Wiley and Nist computer libraries and on the retention times and spectra reported in the literature for lignocellulosic material.
Results and discussion
The ability of Streptomyces strains to delignify spruce wood was first evaluated through the determination of Klason lignin content. No apparent modification in this content was detected in any sample as occured in previous studies carried out with fungal strains for biomechanical pulping of aspen chips (Leatham et al. 1990 ). These authors consider that pulp strength properties are not related to the removal of lignin from the substrate. On the other hand, the increase in acid-soluble lignin content in treated spruce wood compared with the control (15-20%) (data not shown) seems to indicate that some chemical alterations in lignin moiety have occurred. Because of this, a deeper analysis was performed using Py-GC/MS taking into account that this technique can give useful information on lignin and carbohydrate polymers at once in contrast to other degradative techniques such as CuO degradation .
Representative pyrograms of control and treated spruce wood by the Streptomyces strains are shown in Fig. 1 . The identities and the relative abundances of the carbohydrates-and lignin-derived pyrolysis products are summarized in Table 1 . The summed areas of the identified peaks were normalized to 100% and the data for two repetitive samples pyrolysis analyses were averaged. Replicated analysis resulted in standard deviation of 5-8% for all compounds. An increase in the relative amount of carbohydrate-derived products and a decrease in the ligninderived products have been detected in all treated woods compared with the control wood (Table 1) . Among the carbohydrate-derived products detected in the control wood, the main ones were levoglucosane (53), 2,3-dihydro-5-methylfuran-2-one (14), (5H) furan-2-one (13), and furfural (3). When compared to the control wood, a notable increase in the relative amount of levoglucosane (53) in spruce wood treated with the three Streptomyces strains was observed. This compound has been reported as the most specific pyrolysis product of cellulose (Steinbeiss et al. 2006 ) and then its increase could indicate a cellulose enrichment of the treated wood by the action of the microorganisms. However, in previous studies carried out with another gymnosperm wood (Pinus radiata) and streptomycetes a different pattern of degradation of the substrate was shown, being remarkable in the treated wood the relative decrease in carbohydrates-derived compounds mainly in levoglucosane, as analyzed by Py-GC/MS . From these studies, it could be concluded that spruce wood is more suitable than pine wood for biomechanical pulping purposes with streptomycetes. A detailed analysis of treated wood also reflects a decrease in the relative amount of 2,3-dihydro-5-methylfuran-2-one (14), a compound considered as xylan marker (Hernández et al. 2001) . The decrease in this compound, mainly detected in the case of S. cyaneus and S. ipomoea, can be attributed to the action of the xylanase activity produced by these strains as was previously reported (Berrocal et al. 2000; Montiel et al. 2002) .
It is known that guaiacyl units are the major components of lignin from softwoods. Both in control and treated spruce woods, similar lignin guaiacyl-derived pyrolysis products were detected. The major peaks identified corresponded to guaiacol (27) and its methyl (35), ethyl (41), vinyl (44), allyl (45), propyl (46), and propenyl-(48,49) derivatives, as well as to other typical monomethoxy compounds with different Table 1 Wood Sci Technol (2010) 44:179-188 183 (47), homovanillin (50), acetovanillone (52), vanillic acid methyl ester (54), dihydroconiferyl alcohol (58), trans-coniferaldehyde (60), and trans-coniferyl alcohol (61). It must be mentioned that important differences were detected in the relative amount of these compounds in control and treated woods. In this way, the increase in the treated woods of the relative abundance of the most G-type phenol units with a higher oxidation degree, mainly vanillin and acetovanillone but also guaiacylacetone, propiovanillone and vanillic acid methyl ester is noticable. These results seem to indicate that some oxidation occurred in the lignin C3-alkyl chain, mainly at the Ca and Cb positions as was previously described both in grass LG G-type lignin, L other lignin compounds, Ps polysaccharide Wood Sci Technol (2010) 44:179-188 185 residues and woods Hernández et al. 2001; Martínez-Iñigo and Kurek 1997; Rodríguez et al. 1997) . The oxidative attack to lignin units, also corroborated by a decrease in the ratio aldehyde/ketone ? acid (Table 2) , which could be attributed to the production of laccases, a group of oxidative enzymes produced by streptomycetes in solid and submerged culture conditions (Berrocal et al. 2000; Hernández et al. 2001 ). This oxidative action on C3-alkyl chain can also be reflected by an increase in the treated woods of the phenylmethane ? phenylethane/ phenylpropane (phC1 ? ph C2/ph C3) ratio compared with the control (Table 2) . This result would indicate the ability of Streptomyces strains not only to oxidize lignin but also to breakdown the C3-alkyl chain linkages in this wood. Similar behaviour was observed when alkaline oxidation with CuO followed by GC/MS analysis was applied to elucidate the chemical modifications produced in spruce wood by S. cyaneus . Total lignin/carbohydrate and total G-lignin/carbohydrate ratios estimation corroborates that the assayed Streptomyces strains (Table 2) preferentially degraded the lignin moiety of spruce wood leaving a residue enriched in cellulose.
Conclusion
This study allowed for demonstrating that streptomycetes are able to degrade lignin from spruce wood producing a cellulose enrichment of the substrate. The ability of Streptomyces strains to oxidise guaiacyl units of spruce wood and to break down its C3-alkyl chain supports the interest of these microorganisms to be used for biomechanical pulping. In fact, energy saving costs in the refining step, which is mandatory for this purpose, is considered a consequence of the delignification of the substrate (Ferraz et al. 2002; Scott et al. 2002) .
From this study, it is interesting to remark that Py-GC/MS is a suitable technique to discriminate the pattern of degradation of several streptomycetes strains on spruce wood. The application of this technique also allows for selecting the S. anulatus strain by its greater delignification and oxidative capabilities. The characteristics of this strain offer good prospects to be used for technological pulping processes in paper industry.
